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We report a comparative study of the properties of very thin films of La0.67Ca0.33MnO3 grown
epitaxially under strain on flat SrTiO3 (STO), lattice matched on NdGaO3 (NGO), and strained on
1◦-miscut STO. We use transmission electron microscopy and electron energy loss spectroscopy to
study the microstructure, composition, and Mn valence state. Near the interface we find no signifi-
cant segregation, but a charge compensation layer where the valence is enhanced over the nominal
value of 3.3+, and a relaxation to this value over several nanometer. The transport properties
show well-known behavior for the films on flat STO and NGO, namely values of the metal-insulator
transition temperature which are strongly (STO) or only little (NGO) reduced with respect to the
bulk value. The reduction in films on miscut STO however is less strong than in films on flat STO,
even though they appear similar as to strain state and interface layer. Magnetically, we find reduced
values of the saturation magnetization for the strained films with respect to the bulk value, which
cannot only be ascribed to the interface layer.
I. INTRODUCTION
Transition metal oxides with the perovskite structure
are strongly correlated electron systems which show di-
versity in physical properties caused by the competi-
tion between charge, spin and orbital degrees of freedom.
Much work has been done in the last decade to under-
stand the rich underlying physics of the correlated and
semi-localized 3d electrons and their interaction with the
lattice. In particular for the manganites, showing the
colossal magnetoresistance effect (CMR) connected to
the combined metal-insulator (MI) and paramagnetic-to-
ferromagnetic transition, much progress has been made,
as can be found in a number of reviews1–3. Still, even
in bulk materials the picture is still being refined, as was
for instance shown recently in the discovery of the ex-
istence of glassy correlated phases in single crystals of
optimally doped La0.7Ca0.3MnO3
4. Also for thin films,
a large amount of work has gone into basic questions on
their physical properties, with the possibility of strain
engineering as an issue of special interest. In bulk man-
ganites of the type (RE1−x)AxMnO3 (RE is a 3+ Rare
Earth ion, A is a 2+ alkaline ion) and at fixed RE to A ra-
tio and therefore the Mn3+ to Mn4+ ratio, the properties
can be changed by varying the radius of the 2+ ion. This
is basically because the ion radius influences the struc-
ture of the coupled network of MnO6 octahedra, which
changes the balance between the itinerancy of the Mn 3d
electrons, and the strength of the Jahn-Teller distortions
which tend to trap electrons on the Mn sites. In films this
effect can be amplified by growing on a substrate with a
different lattice parameter, thereby putting the film un-
der tensile or compressive strain. For instance in films
of La0.7Ca0.3MnO3 (LCMO; pseudocubic lattice param-
eter ac = 0.386 nm) on SrTiO3 (STO; ac = 0.391 nm)
the temperature of the metal-insulator transition TMI
goes down to 110 K for films with a thickness of around
10 nm, compared to a bulk value of 260 K5,7,8. Below
about 5 nm the MI transition rather abruptly disappears,
mainly because the large strain leads to different crystal
structures in the film8. At the same time, magnetic mea-
surements indicate the presence of a dead layer in the
LCMO/STO system of a few nm and nanoscale phase
separation7, and also in general a lowered value of the
saturation magnetization for larger thicknesses5.
Gaining more understanding about these ultrathin
films in the regime around 10 nm is of obvious interest. In
principle they are suitable as gated devices, since SrTiO3
is a highly polarizable dielectric, but then more needs
to be known about the electronic structure of the film
close to the interface. This is of particular interest since
the Mn-valency may be influenced by discontinuities in
the charge variation, as is now under extensive investi-
gation for the case of SrTiO3 / LaAlO3
9. Another ques-
tion is the role of disorder and strain relaxation. Here
we present a comparative study of LCMO films grown
on flat SrTiO3 (STO; tensile strain), NdGaO3 (NGO;
strain-free) substrates as well as of on STO substrates
which have an intentional misorientation of the surface
normal of 1◦ towards the [010] direction, which leads to
a stepped structure with a terrace length of about 25
nm. We investigate the microstructure, the atomic com-
position, and the Mn-valence state using High Resolu-
tion Transmission Electron Microscopy (HR-TEM), and
Electron Energy Loss Spectroscopy (EELS), but also the
magnetic and magnetotransport properties of these same
films. We find that basically all films show the bulk
Pnma structure. For films on both flat and miscut STO,
the Mn-valence is slightly higher at the interface (about
0.1 electron charge), and drops to the bulk value within
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2FIG. 1: AFM images of LCMO films and corresponding pro-
files of (left) 15 nm LCMO on flat STO, L(15) (scale bar: 200
nm), and (right) 7 nm LCMO on STO with a misorientation
of 1◦ towards the [010] direction, L(7)mis (scale bar: 100 nm).
3 to 5 nm. For films on NGO we find the same, which
suggests that it is neither a different crystal structure,
nor strain, but rather the change in charge distribution
when going from substrate to film which is driving this
variation. We then show from transport data that these
film show the same trends in TMI as found before, with a
strong drop for films on flat STO and a small variation for
films on NGO. We also find that TMI for films on miscut
STO stays significantly higher. Finally we come back to
the issue of magnetization and show that the saturation
values for films in this thickness regime are lower than
can be expected on the basis of the non-bulk interface
layer alone.
II. EXPERIMENTAL
Epitaxial films of LCMO with thicknesses between 47 nm
and 6 nm were grown on (001) STO substrates, by DC
sputtering in oxygen pressure of 300 Pa at a growth tem-
perature of 840 ◦C. The substrates have a misorientation
of either <0.2◦ in random direction which we denote as
flat STO or 1◦ towards [010] direction. Here we define
the nomenclature which we will use throughout this pa-
per to refer to our films. Films grown on flat STO are
indicated by L(d), with d the film thickness (rounded to
the nearest integer value), films grown on misoriented
STO by L(d)mis and films on NGO, by L(d)NGO. Before
and after film growth we used Atomic Force Microscopy
(AFM) to asses the quality of the STO substrate and
the LCMO film (see Fig.1). One issue to be discussed is
the surface termination of the STO, which can be either
a TiO2- or an SrO-layer. Commercial substrates have
mixed termination but can be treated to become singly
terminated, with the TiO2 surface easier to fabricate and
more stable. Whether this is of influence on the film prop-
erties that are investigated in this paper will be discussed
later. All films show clear unit-cell high step edges. The
films grown on flat STO show an average terrace length
of 75 nm and the films grown on misoriented STO show
an average terrace length of 20 nm, identical to the ter-
race length of the substrate (see Fig. 1). The thickness,
growth rate and lattice parameters of the LCMO films
were determined by x-ray reflectivity (XRR) and recip-
rocal space mapping (RSM) measurements, respectively.
The average growth rate of our LCMO thin films is 0.8
nm/min, which results in films with roughness of the or-
der of the dimensions of the unit cell.
We have characterized the microstructure, the atomic
composition, and the Mn-valence state of LCMO thin
films using the HR-TEM (High Resolution Transmission
Electron Microscopy) and EELS (Electron Energy Loss
Spectroscopy) techniques. We will show results of LCMO
films grown on STO (flat), STO (1◦) and NGO. HR-
TEM specimens were prepared according to a standard
cross-section preparation method. Before insertion into
the microscope, the specimens were plasma-cleaned for 1
minute to prevent carbon contamination during the ex-
periments. The analysis was performed with a FEI TI-
TAN equipped with a spherical aberration (Cs) corrector
and a High Resolution Gatan Image Filter (HR-GIF) op-
erated at 300kV. EELS data were collected in scanning
TEM mode with a probe size of about 0.2 - 0.5 nm. The
spectra were acquired by probing the same region only
once to reduce the beam-induced damage. The energy
dispersion was 0.1 eV/channel for the Zero Loss Peak
and 0.2 eV/channel for the Mn L-edge to obtain more
signal.
The magnetotransport properties were studied by mea-
suring the current (I) - voltage (V ) characteristics as
function of temperature and in high magnetic fields. We
used a PPMS (Physical Properties Measurement System,
Quantum Design) for temperature control (T = 20 - 300
K) and for magnetic field control (Ha = 0 - 9 T), in
combination with an external current source and nano-
voltmeter. For the magnetization measurements we used
an MPMS (Magnetic Properties Measurement System,
Quantum Design) with T = 10 - 300 K and Ha = 0 - 5T.
III. MICROSTRUCTURE AND MN VALENCY
A. Microstructure
From HR-TEM investigations on several specimens for
each film we find that our films are epitaxial. The per-
ovskite crystal structure of the films is close to cubic with
lattice parameter ac = 0.39 nm, but due to small rota-
tions of the oxygen octahedra it becomes orthorhombic
3(space group: Pnma). Using electron diffraction we ob-
served that throughout the films the bulk Pnma struc-
ture is present with lattice parameters of
√
2ac, 2ac and√
2ac. For most films, the b axis was found to be parallel
FIG. 2: HR-TEM micrographs of LCMO films on STO, from
top to bottom L(6), L(10), L(7)mis. The atom columns which
are clearly visible in all cases set the scale.
to the interface normal (with length 2ac in pseudocubic
notation15). In HR-TEM mode (see Fig.2), and scanning
along the interface, we did not observe any antiphase
boundaries or any domain type disorder, which is in line
with previous reports16. The amorphous layer visible at
the top surface of the thin film in Fig.2 (top image) is
glue used during preparation of the sample. The HR-
TEM images shown in Fig.2 (samples L(6), L(10) and
L(7)) all show a fully epitaxial thin film. There is a spe-
cial reason to show a micrograph for sample L(10), since
this film has deviating properties compared to the typical
film on flat STO, as will be shown later. HREM on this
film showed no differences compared to the other films.
We also observe that films grown on 1◦ misoriented STO
(Fig.2c) are epitaxial with no clear influence of the step
edges on the microstructure of the LCMO film. We also
do not observe any misfit dislocation at the film-substrate
interface in any of the films, which were investigated with
HR-TEM.
B. Mn-oxidation state and elemental composition
We have used EELS to investigate the composition and
the Mn-oxidation state across the thickness of our thin
films. In an EELS measurement the sample is exposed
to an electron beam with a well defined (small range of)
kinetic energies. While the electrons go through the sam-
FIG. 3: An EELS spectrum showing the electron intensity
versus energy loss, with the Mn L2 and L3 peaks indicated.
The L32 ratio is determined from the integrated intensities
ratio of the two peaks.
ple, inelastic interactions (i.e. atom core loss, inner shell
ionization) result in the loss of kinetic energy, which can
be measured using an electron spectrometer. An EELS
spectrum consists of a Zero Loss peak (ZLP), and sub-
sequent peaks at lower energy corresponding to different
losses due to interaction with the sample. An example of
an EELS spectrum at the Mn L-edge is given in Fig.3.
The L2 and L3 peaks are indicated, and used to determine
the Mn valence. The raw EELS data were corrected for
specimen thickness, which influences the ratio between
intensities of ZLP peak and the rest of the spectrum17.
From the data it can be assumed that the elemental com-
position will not have any dependence on the specimen
thickness. Since the only interest is to qualitatively mon-
itor the changes across the film, the cross section was
taken as a constant. By acquiring the ZLP, Mn L-edge
and the La K-edge at 100 eV and calculating the ratio
between the various integrals, the Mn-valence and the
elemental concentration across the film thickness are ob-
tained. The L32 ratio, correlated to the Mn-valence, is
determined from the integrated intensities ratio L3/L2.
Ratios of 2.1 and 2.7 correspond to Mn4+ and Mn3+, re-
spectively; the calculated valence for La0.7Ca0.3MnO3 is
3.3+ for bulk specimens18. Acquiring spectra across the
film yields elemental and valence profiles.
In Fig.4 the calculated L32 ratio is shown for several
films grown on STO. Three regions can be discerned. At
the film surface (interface with vacuum) the Mn-valence
is reduced towards 3+. In the bulk of the film, particu-
larly visible in L(47), the L32 ratio indicates a Mn-valence
close to 3.3+, similar to the value for bulk LCMO. Close
to the interface with the STO substrate a reduction in
4FIG. 4: The calculated L32 ratio from the EELS spectra.
Left: results for samples L(47) on flat STO and L(7)mis on
miscut STO. Right: results for L(6) and L(10) on flat STO.
The drawn lines are guides to the eye. The dashed lines in-
dicate the L32 values which correspond to Mn
3+ and Mn3.5+
respectively. The solid line indicates the substrate-film inter-
face.
Mn-valence is observed. With the probe placed on the
first layer the valence is equal to 3.2+ in both L(6) and
L(47). The presence of this reduction is typical for our
LCMO films grown on STO substrates, but the extent of
the reduction varies between 2 - 5 nm for different films.
A similar reduction is also found for L(7)mis, grown on 1
◦
miscut STO. The step edges on the STO surface appear
to have no significant influence on the Mn-oxidation state
near the substrate interface. Therefore, these properties
are general features of LCMO films grown by sputter-
ing on STO substrates. Fig.4 also shows sample L(10),
however, which did not show the reduced ratio at the
substrate interface. The precise cause of this remains
unclear, especially since HR-TEM does not indicate a
different type of interface.
We also used EELS to map the elemental composition
across the films. As shown in Fig. 5 for L(6) and L(10),
the composition (for the most part) is close to that of the
sputtering target. The apparent interdiffusion of Ti4+
into the film is caused by the limited resolution (deter-
mined by the beam size) of the measurement. Other films
showed a similar profile. In particular, we do not find
cation segregation at the interface, as a possible cause
for the deviation of the Mn-valence with respect to the
bulk value of the film. One exception was sample L(47),
where we observed La enrichment near the film-substrate
interface. However, since the results for all other sam-
ples did not show such segregation, it is likely that the
observed La-enrichment is not correlated with the ob-
served Mn-valence reduction. An important question is
whether the valence reduction at the interface is caused
by strain. We therefore investigated the Mn-valence pro-
file and elemental composition in LCMO films grown on
NGO substrates as well. The results, plotted in Fig. 6,
show that also for films grown on NGO substrates an
increase of the Mn3+/Mn4+ ratio is observed at the sub-
strate interface. Also similar to films on STO we find
that there is no cation segregation for the films on NGO
substrates. We discuss these findings below, but the con-
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FIG. 5: Typical elemental composition of a) sample L(6) and
b) sample L(10), plotted as elemental fraction versus distance
from the interface. The elements shown are Ca (open tri-
angles), La (filled triangles), Ti (filled squares), Mn (open
squares)
FIG. 6: a) The calculated L32 ratio from the EELS data .
Left: results for sample L(30) on NGO. b) Elemental frac-
tion versus distance from the interface for the same sample.
Plotted are Ca (open triangles), La (filled triangles), Ti (filled
squares), Mn (open squares)
clusion from this paragraph is that we observe a slightly
higher (0.1 e) Mn valence at the interface, which relaxes
to the bulk value in 2 to 5 nm, and which is not caused
by either elemental segregation or by strain.
IV. TRANSPORT PROPERTIES
1. Films on flat STO
We measured the I-V characteristics in a temperature
range of 20 - 300 K for films with varying thicknesses
between 6 - 20 nm, which were linear, except in a small
range around the transition, where weak non-linearities
were found. In Fig.7 we show the temperature depen-
dent resistance R(T) for three LCMO films grown on flat
STO, as determined at an applied current I of 0.1 µA.
The films show a clear metal-insulator transition accom-
panied by a resistance drop of three orders of magnitude.
All films show typical CMR effect, a reduction in resis-
tance of a few orders of magnitude upon application of
a 5 T magnetic field. For L(20) the transition tempera-
ture TMI , which corresponds to the maximum resistance
value, is 170 K, which occurs approximately 100 K below
TMI for bulk LCMO. TMI is further reduced when the
film becomes very thin, L(6) shows the transition at TMI
5FIG. 7: (Left) resistance R vs. temperature T for samples
L(20) (top panel), L(15) (center panel) and L(6) (bottom
panel) as determined form the I-V curves at an applied cur-
rent of 0.1 µA. Squares: zero field; circles: Ha = 5 T. (Right)
log R vs. T in the temperature range 150 - 300 K for the
same samples. Note: the scale on the T-axis is reciprocal in
order to show the 1/T-behavior. The fit to extract the ac-
tivation energy (EA) of the polaron hopping process is also
shown (solid lines).
= 110 K, which is 60 K below TMI for L(20). The de-
pendence on film thickness of TMI is shown in Fig.8. For
films grown on flat STO the metal-insulator transition is
steadily shifted to lower temperature as the film thickness
is reduced. However, the film L(10) (indicated by ? in
Fig.8) grown on flat STO deviated from this trend. This
result together with the flat Mn valence profile (Fig.4b
implies that L(10) may have a deviating epitaxial relation
with the substrate. There is a connected observation in
the magnetization measurements, which we will discuss
beow.
In the paramagnetic state, R(T) is expected to show
activated behavior. In Fig.7, we plot log R vs. T (with
the T-axis reciprocal to show the 1/T-behavior). A linear
fit to the data provides the activation energy (EA) for
the polaron hopping process. For most films the high
temperature data show activated behavior with EA =
110 - 120 meV (see Table I), independent of the film
thickness. Deviations typically set in around 1.3x TMI
(for example see sample L(15) center panel Fig.7). In this
respect at least, the thin films do not behave different
from bulk material.
FIG. 8: The dependence of TMI on film thickness for LCMO
films grown on flat (squares + star) STO and 1◦ misoriented
STO (triangles). The star designates sample L(10). Drawn
and dashed lines are guides to the eye.
FIG. 9: Resistance vs. temperature behavior of sample L(6)
(also shown in Fig. 7) and of L(7)mis. For the films on mis-
oriented STO the transport properties were measured with
the current directed perpendicular to the step edges (see in-
set for measurement geometry). The resistance values were
determined form the I-V curves at an applied current of 0.1
µA. The squares denote zero field; circles: Ha = 5 T.
2. Films on 1◦ misoriented STO
A novel feature of our studies is the investigation of the
effect of unit-cell high step edges on the STO substrate
surface on the thin film properties. For these films the
transport properties were measured in a four-point geom-
etry with the current directed perpendicular to the step
edges (see inset Fig.9). Their thickness was determined
from HR-TEM micrographs and is 7 and 8 nm (L(7)mis
and L(8)mis). R(T) for L(7)mis was measured at I = 0.1
µA and is shown in Fig. 9, with R(T) of L(6) shown for
comparison. The observed TMI for both films on 1
◦ STO
is 145 K, so TMI is much less reduced than for films on
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TC for two films grown on 1
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flat STO (see Fig.8, triangles). However, from the HR-
TEM and RSM characterization it is clear that the films
on misoriented STO are fully epitaxial across the entire
film thickness. The lack of reduction in TMI for films
on misoriented STO is step-induced but not due to the
loss of epitaxial relation with the substrate. It has been
shown before that strain relaxation in these materials
may occur in the form of dislocations in the film19. From
HR-TEM we did not observe any dislocations in our thin
films, however, point defects should still be present and
the amount is possibly enhanced by the presence of the
steps.
V. MAGNETIC PROPERTIES
Here we present the magnetization behavior of the as-
grown films on flat and misoriented STO substrates. We
have not measured the magnetic properties of the films
on NGO because the substrate gives a large paramag-
netic background due to the presence of the magnetic
Nd3+-ion. Typical behavior of the magnetization M vs.
T measured in magnetic fields of Ha = 0, 0.1 T, 1 T
is shown in Fig.10a for L(17). The Curie temperature
was determined from M vs. T, measured in zero mag-
netic field and at Ha = 0.1 T, by taking the intercept
of the constant high temperature magnetization with the
linearly increasing M(T). When the film thickness is re-
duced, we observe that TC is also shifted to lower tem-
perature as shown in Fig. 10b, but continues to coincide
with the temperature of the metal-insulator transition.
However, when TC is extracted from the measurements
in Ha = 0.1 T the Curie temperature is found slightly
higher, and aapears to flatten of at low thickness. Prob-
ably when measured in still higher fields (for example,
Ha = 0.3 T as in Ref.
5) TC would be independent of film
thickness. For the measurement in Ha = 1 T we assume
that the magnetization is saturated. In the M(T) be-
havior at 1 T (see Fig. 10a) the magnetization shows a
sudden increase below T = 30 K. The relative strength of
this upturn increases as the film thickness is reduced but
the temperature at which the upturn starts is constant.
This feature is not an intrinsic feature of the LCMO thin
films. From Fig.11 it becomes clear that the M vs. T
of a bare STO substrate also shows an upturn below T
= 30 K. Apparently, at low T a paramagnetic contri-
bution (χ = C/T, with C the Curie constant) dominates
but disappears into the diamagnetic background above T
= 30 K. We surmise that the emergent paramagnetism
is due to the presence of impurities and/or defects in
the bulk of the substrate. We have also investigated the
field dependent magnetization at T = 10 K, shown for
L(20) in Fig.11b. From these results we can extract the
coercive field and the value for the saturation magneti-
zation (Ms) as function of film thickness. The coercive
field varies between +/-6 and +/- 15 mT for the differ-
ent samples. The magnetization is given in units of µB
per Mn-ion and can be described, at high fields, as M =
Ms + χH (see inset Fig.11b). The plotted data in the
main graph is corrected for the diamagnetic and param-
agnetic contribution of the STO substrate by subtracting
χ×Ha determined at high fields. The values for Ms are
determined after correction by taking the value for M at
Ha = 1 T. The theoretical saturation magnetization for
bulk LCMO would be 3.7 µB per Mn-ion. For our films
we observe slightly fluctuating values for Ms but always
low compared to the expected bulk value. For L(20) in
Fig.11 the value is 2.28 µB/Mn-ion. The lower values in-
dicate that a magnetically dead or weak layer is generally
present in our LCMO thin films.
VI. DISCUSSION
The first point to discuss is the reduced Mn-valence we
find near the film-substrate interface (also observed in
La0.7Sr0.3MnO3/STO
20), which is not caused by oxygen
deficiency. Since the film is grown at high temperature,
diffusion of Ti4+ into the film could occur. The presence
of the Ti4+ introduces a higher charge and as a result the
Mn3+/Mn4+ ratio has to increase to compensate. Char-
acterization of the elemental composition (see Fig.5) and
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FIG. 11: Left: Magnetization as function of temperature for
a bare STO substrate measured in Ha = 1 T. Right: Magneti-
zation as function of applied magnetic field Ha for the 20 nm
thick LCMO film on flat STO. The saturation magnetization
Ms at 1 T is 2.28 µB per Mn-ion. The inset shows M(Ha)
measured up to 1 T.
7Sample d ain aout TMI TC EA Ms ddead
nm (A˙) (A˙) (K) (K) (meV) (µB/Mn) nm
L(20) 20 3.90 3.8113 170 160 109 2.28 7.6
L(17) 17 3.91 3.8135 150 148 114 2.89 3.7
L(15) 15 3.90 3.8097 130 150 115 1.96 7.0
L(10) 10.3 3.90 3.796 150 170 114 3.50 0.5
L(6) 6.4 3.91 3.7979 110 100 115 3.30 0.7
L(8)mis 8 - - 145 135 119 2.41 2.8
L(7)mis 7 3.90 3.7911 145 131 116 2.22 2.8
L(30)NGO 30 - - 285 - - - -
L(10)NGO 10 - - 220 - - - -
TABLE I: Summary of the measured values for the thin films
presented in this paper. Samples L(20)-L(6): on flat STO;
L(8)mis, L(7)mis: on 1
◦ miscut STO; L(30)NGO, L(10)NGO:
on NGO. The measured variables are, d : film thickness,
ain,out: in-plane, out-of-plane lattice parameters, TMI : MI
transition temperature, TC : Curie temperature, EA: polaron
hopping activation energy, Ms: saturation magnetization at
T = 10 K at 1 T (µB/Mn), the corresponding dead layer
thickness ddead.
experiments reported by others21 show that interdiffu-
sion does not occur beyond a few atomic planes. The
EELS analysis of the elemental composition show that in
general the films have a composition close to that of the
sputtering target, making it likely that the deviating Mn-
valence is not associated with cation segregation. Since
films grown on NGO show similar Mn-valence profiles the
reduction appears to depend on the epitaxial relation be-
tween film and substrate but not on epitaxial strain. We
suggest that the Mn-valence at the interface is affected
by the termination of the substrate. In the case of STO
substrates the termination can be Sr2+O2− or Ti4+O4−2 ,
both terminations are neutral. The manganite growth
can start with either a [(La0.7Ca0.3)O]
0.7+ layer (LaO has
charge 1+ and CaO is neutral) or a MnO2 layer which
can have charge 1- or be neutral depending on the Mn-
valence state. A charge mismatch could therefore arise
(Madelung potential) across the LCMO-STO interface.
The reduction of the Mn-valence at the interface shows
that growth starts with the [(La0.7Ca0.3)O]
0.7+ layer and
that the interface polarization leads to a charge com-
pensation layer with varying thickness (2 - 5 nm); the
variation could be caused by different TiO2/SrO termi-
nation ratios of the substrate surfaces. This also explains
the absence of Mn-valence deviations for films on (110)
STO, as reported by Estrade´ et al22. The termination
layer of (110) STO is either Sr2+Ti4+O2− (total charge:
4+) or O4−2 . The first layer of the film would be ei-
ther La3+Mn3+O2− or Ca2+Mn4+O2−, which both have
a total charge of 4+, or O4−2 . The result is that LCMO
(110) grown on STO (110) would not have a charge mis-
match between film and substrate and therefore does not
show a Mn-valence reduction at the substrate interface.
The similar Mn-valence profiles in films on NGO sub-
strates are explained in the same way. We use NGO (100)
(pseudocubic notation23) which has either Nd3+O2− or
Ga3+O4−2 termination layers. The LCMO(001) film will
start the growth with a layer with charge ±(1-x) (x is the
Ca-doping) as described above. The resulting Madelung
potential again leads to the observed Mn-valence profiles.
The only sample for which the Mn-valence reduction is
absent (sample L(10)) possibly shows a deviating film
orientation w.r.t. the STO substrate. It is not a priori
clear why there is no charge mismatch for this sample
since the STO would be neutral and the first film layer
should still have a charge. One could imagine that the
growth started with a CaMnO3 layer for which the charge
mismatch with the substrate would indeed be equal to 0.
The resolution of the EELS measurement to determine el-
emental composition would be insufficient to detect such
a small Ca-segregation at the STO interface. We were
unable to further investigate this effect since the absence
of the compensation layer was only found once and is not
a general feature of the LCMO thin films. Furthermore,
we have observed that the presence of unit-cell high steps
on the STO surface do not significantly influence the mi-
crostructure, the Mn-valence profile or the strain state of
the film.
Next we couple this finding an interface induced Mn va-
lence profile to the other measured properties, summa-
rized in Table I. For films on flat STO, TMI and TC co-
incide, decrease with decreasing thickness to a final value
around 110 K at a thickness below 10 nm. This agrees
very nicely with the data presented by Bibes et al.7 on
similar strained films and confirms once more the effect
of strain on TMI . It is tempting to also connect our find-
ing of a valence change to their conclusion from NMR
data, that a non-ferromagnetic insulating (NFI) phase
exists, at least partly, in a region up to 5 nm from the
interface. On the other hand, our thinnest films show
an almost full saturation magnetization in 1 T. This sug-
gest that antiferromagnetic interactions are significant in
the valence-changing layer, but that they are still easily
brought to saturation.
The films with thicknesses of 15 nm and 20 nm show a
much lower saturation magnetization (even in 1 T) than
might be expected. Since the valence-changing layer does
not seem to play a role here, this appears to be due to
growth-induced defects, again antiferromagnetic in na-
ture, but now not easily saturated. This is a similar
conclusion as was reached by us before (5, but in con-
trast to e.g. Ref.7, and appears to depend on the exact
growth conditions of the films. Interestingly, the films
on miscut substrates, where relaxation has set in more
strongly, also show low values for Ms. This reinforces
the argument that the step edges lead to disorder in the
in the form of local defects19), which then also enhances
TMI .
8VII. CONCLUSION
In this paper we have shown that a layer with lower
Mn valence is present close to the interface between a
film of La0.7Ca0.3MnO3 and a SrTiO3 or NdGaO3 sub-
strate. It presence is not related to strain but, as we
argue, the result of charge compensation. Magnetically
we find reduced values for the saturation magnetization
for the strained films, but the apparent lack of magnetic
moment cannot be exclusively ascribed to the presence of
the charge compensation layer. The introduction of step
edges onto the SrTiO3 surface leads to a metal-insulator
transition temperature TMI which is less reduced than
expected from the thickness of the film, which we argue
to be due to additional disorder in the form of local de-
fects.
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